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^of  the  send,  •yt)  ,  and  its  maximum  shear  modulus,  1  Gp,Mj>.  The  existence  of  at 
has  been  detected  by  several  researchers  in  a  nuaberot  laboratory  studies. 
Also,  the  existence  of  anc*  its  range  of  values  for  quartz  sands  has  been 
predicted  from  simple  particulate  mechanics  considerations. j 

A  previous  experimental  study  of  factors  affecting  tlje  value  of  Yt  VAB 
conducted  on  Monterey  Mo.  0  sand  by  R.  S.  Ladd  at  Woodwsrd-Clyde  Consultants. 
That  study  was  perfonaed  on  isotropically  consolidated  triaxlal  specimens 
having  relative  densities  Dr  ,  between  45  and  80  percent.  The  results 
revealed  that  (a)  Yt  “  1 • 1  x  10“ 2  percent  for  normally  consolidated  (MC) 
Specimens  rangingin  density  from  45  to  80  percent,  and  consolidated 
isotropically  under  pressures  ranging  from  500  psf  to  4,000  psf,  and  (b)  f6r 
isotropically  overconsolidated  specimens  and  0r  -  60  percent,  Yt  increases 
as  thS  overconsolidation  ratio,  OCR,  increases,  with  Yt  “  2.9  x  10~2  percent 
tor! OCR  -  8. 

S' The  work  presented  herein  was  performed  at  RPI  and  constitutes  an 
extension  of  the  experimental  study  by  Ladd  and  focuses  on  the  effects  of 
anisotropic  consolidation  and  of  very  low  relative  densitlea  on  and  on  the 
rate  of  pore  pressure  buildup  at  cyclic  strains  slightly  above  'y^.  Two  sands, 
Monterey  Mo.  O  sand  and  Banding  Sand,  were  tested  and  the  results  are  reported 
herein.  The  effect  of  anisotropic  consolidation  is  Important  because  MC  sands 
in  the  field  are  typically  anlaotroplcally  consolidated,  and  also  because  any 
attempt  to  extend  the  cyclic  strain  approach  to  earth  structures  and  slopes 
must  necessarily  consider  the  effect  of  consolidation  shear  stresses. 

Testing  very  loose  sand,  «  20  percent,  is  important  because  very  loose 
sand  deposits  in  the  field  ire  usually  the  most  susceptible  to  pore  pressure 
buildup  and  liquefaction  during  earthquakes. 
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0QHVBB8ZQN  FACTORS,  D.  S.  CUSTOMARY  TO  METRIC  (SI) 
SKITS  OF  MEASOROCEHT 


S.  customary  units  of  muuti 
Mtric  (SI)  units  as  follows: 


it  ussd  in  this  report  nay  be  converted 


nuiLipiy  ny  10  uotain 

gallons  (0.  S.  liquid) 

3.785412 

cubic  decimeter 

Inches 

2.54 

centimetres 

inch-pounds  (force) 

0.1129848 

metre-newtons 

kips  (force)  per  square  foot 

47.88026 

kilopascals 

pounds  (force) 

4.448222 

newtons 

pounds  (force)  per  square  foot 

47.88026 

pascals 

pounds  (force)  per  square  inch 

6894.757 

pascals 

pounds  (aass)  per  cubic  foot 

16.01846 

kilograms  per  cubic  metre 
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INFLUENCE  OF  CONSOLIDATION  SHEAR  STRESSES 
AND  RELATIVE  DENSITY  ON  THRESHOLD  STRAIN 
AND  PORE  PRESSURE  DURING  CYCLIC 
STRAINING  OF  SATURATED  SAND 

CHAPTER  1 
INTRODUCTION 

In  the  last  faw  yaars,  a  cyclic  strain  approach  to  pore 
pros  sura  buildup  and  liquefaction  of  saturated  cohesionless  soils 
during  earthquakes  has  been  proposed  and  developed  at  Rensselaer 
Polytechnic  Institute  (RPI)  and  at  other  organizations  (Dobry  and 
Ladd,  1980;  Dobry  et  al.,  1980,  1981,  1981a,  1982).  One  of  the  key 
findings  has  been  the  existence,  for  every  potentially  liquefiable  site 
and  sand  layer,  of  a  "threshold  ground  surface  acceleration,"  a^, 
below  which  there  is  no  pore  pressure  buildup.  The  value  of  a^  is 
mainly  a  function  of  two  soil  parameters:  the  "threshold  shear  strain" 
of  the  sand,  ft>  and  its  maximum  shear  modulus,  U||M|X.  The 
existence  of  a^  has  been  confirmed  by  field  measurements  in  Japan 
(Ishihara,  1981),  while  has  been  detected  by  several  researchers 
in  a  number  of  laboratory  studies.  Also,  the  existence  of  and  its 
range  of  values  for  quartz  sands  has  been  predicted  from  simple 
particulate  mechanics  considerations  (Dobry  et  al.,  1982). 

A  previous  experimental  study  of  factors  affecting  the  value 
of  was  conducted  on  Monterey  No.  0  sand  by  R.S.  Ladd  at 
Woodward-Clyde  Consultants,  Clifton,  N.J.  That  study  was  performed 
on  isotropically  consolidated  triaxial  specimens  having  relative 
densities,  Dr,  between  45%  and  80%.  The  results,  reported  by  Dobry 
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at  al.  (1981,1982),  revealed  that:  a)  *  1.1  x  10-2%  for  normally 
consolidated  (NC)  specimens  ranging  in  density  from  45%  to  80%,  and 
consolidated  isotropically  under  pressures  ranging  from  500  psf *  to 
4,000  psf,  and  b)  for  isotropically  overconsolidated  specimens  and 
Dr  »  80%,  increases  as  the  overconsolidation  ratio,  OCR,  increases, 
with  «  2.9  x  10’H  for  OCR  =  8. 

The  work  presented  herein  was  performed  at  RPI  and 
constitutes  an  extension  of  the  experimental  study  mentioned  in  the 
previous  paragraph.  It  focuses  on  the  effects  of  anisotropic 
consolidation  and  of  very  low  relative  densities  on  and  on  the  rate 
of  pore  pressure  buildup  at  cyclic  strains  slightly  above  1^.  Two 
sands,  Monterey  No.  0  sand  and  Banding  Sand  were  tested  and  the 
results  are  reported  herein.  The  effect  of  anisotropic  consolidation  is 
important  because  NC  sands  in  the  field  are  typically  anisotropically 
consolidated,  and  also  because  any  attempt  to  extend  the  cyclic  strain 
approach  to  earth  structures  and  slopes  must  necessarily  consider  the 
effect  of  consolidation  shear  stresses.  Testing  very  loose  sand,  Dr  « 
20%,  is  important  because  very  loose  sand  deposits  in  the  field  are 
usually  the  most  susceptible  to  pore  pressure  buildup  and  liquefaction 
during  earthquakes. 


*  A  table  of  factors  for  converting  U.  S.  customary  units  of  measurement  to 
metric  (SI)  units  is  presented  on  page  3. 


5 


CHAPTER  2 
TESTING  EQUIPMENT 


The  cyclic  soil  testing  system  located  in  the  Class  of  1933 
Earthquake  Engineering  and  Cyclic  Loading  Laboratory  at  RPI  was 
used  to  perform  the  tests  in  this  study.  This  system  is  based  on  a 
servo-hydraulic  closed-loop  testing  system  which  was  manufactured  for 
RPI  by  MTS  Systems  Corporation  and  is  shown  in  Fig.  1. 

The  cyclic  triaxial  system  consists  of  an  axial  and  a  torsional 
actuator  located  at  the  top  of  the  same  frame.  The  two  actuators  are 
connected  in  series  by  a  yoke  system  but  are  operated  by  separata 
controllers.  This  provides  the  capability  of  performing  cyclic  axial 
triaxial  (usually  called  cyclic  triaxial  in  the  geotechnical  literature), 
cyclic  torsional  triaxial  or  combined  cyclic  axial-torsionai  triaxial  tests 
on  the  soil  specimen.  Either  of  the  modes  can  be  operated 
monotonically  or  cyclically  in  either  stress-  or  strain-controlled 
conditions.  .Additionally,  if  a  combined  cyclic  axial-torsional  triaxial 
test  is  run,  an  arbitrary  phase  angle  may  be  specified  between  the 
two  modes,  which  can  be  anywhere  from  0  to  360  degrees. 

The  loads  are  measured  and  recorded  through  a  single 
axial/torsional  load  cell.  Each  actuator  is  provided  with  an  internal 
displacement  transducer,  but  due  to  the  great  resolution  and  minimum 
system  compliance  error  required  for  the  threshold  measurements,  a 
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very  accurate  LVOT  was  mounted  on  the  triaxial  cell  close  to  the  soil 
specimen  and  is  used  for  the  threshold  tests.  Excess  pore  water 
pressures  within  the  specimen  are  measured  by  means  of  a  very  stiff 
pressure  transducer,  which  is  connected  to  the  specimen  through  high 
quality  stainless  steel  ball  valves  and  short  lengths  of  1/8  inch 
copper  tubing. 

The  piston  entering  the  triaxial  cell  rides  on  an  air  bearing 
to  reduce  errors  in  the  load  readings  due  to  friction.  Brass  porous 
stones  with  coarse  surfaces  are  screwed  into  the  triaxial  cell  platens 
so  as  to  completely  transfer  the  torque  and  torsional  angle  applied  to 
the  cell  piston. 

Data  are  recorded  on  an  18  channel  light  pen  oscillograph 
and  an  X-Y-Y  plotter.  The  data  are  first  digitized  manually,  and 
then  reduced,  manipulated  and  plotted  by  computer. 


2.2  Eouii 


it  Capabilities 


Although  the  frequency  capabilities  are  a  function  of  system 
gain  and  actuator  displacement  amplitude,  the  range  of  most  interest 
in  geotechnical  studies  is  easily  covered  by  the  equipment  used  (from 
several  minutes  per  cycle  to  8-10  Hz).  Very  large  accumulators  are 
incorporated  into  the  system  (5  gallons  feed,  2.5  gallons  return  oil), 
to  provide  good  control  and  performance  at  large  strains  and  high 
frequencies.  All  cyclic  tests  in  this  study  were  performed  at  a 
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frequency  of  t  Hz. 


The  MTS  electronics  are  set  up  in  such  a  way  that  there  are 
four  ranges  (1,  2,  3  and  4)  where  full  scale  output  is  100%,  50%,  20% 
and  10%,  respectively,  of  the  full  scale  capabilities  of  the  measuring 
system.  The  following  is  a  list  of  the  capabilities  of  range  1,  and  of 
the  resolution  of  range  4,  for  the  components  used  in  this  study: 


Max.  Capability 

Resolution 

Mode 

Parameter 

(Range  1) 

(Range  4) 

Axial 

Load 

t  1,000  lb 

1  x  10"z  lb 

Axial 

Displacement 

s  0.1  in 

1  x  10‘6  in 

Torsional 

Torque 

t  500  in. lb. 

5  x  10"3  in. lb. 

Torsional 

Angle 

t  50  degrees 

5  x  10  *  degrees 

- 

Excess  Pore 

*  200  psi 

2  x  10‘3  psi 

Pressure 

Every 

test  in  this 

study  was  performed  in 

range  4  (the 

finest)  so  as 

to  attain  the 

maximum  resolution.  See 

Appendix  A  for 

details  about  the  measurement  system  and  its  calibration. 

i  '  ' 
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CHAPTER  3 


TESTING  PROCEDURE  AND  CALCULATIONS 
Previous  results  from  slmiler  tests  performed  at  RPI  have  been  com¬ 
pared  to  existing  high-quality  results  from  other  researchers  (Thomas,  at 
al.,  1982),  with  excellent  agreement  It  Is  therefore  felt  that  the  equipment 
specimen  preparation  and  testing  procedures  and  techniques  used  herein 
are  of  similar  high  quality. 

The  reconstituted  triaxial  sand  specimens  tested  were  all  solid  cyl¬ 
inders  2.0  inches  in  diameter  and  4.0  inches  In  height.  They  were  pre¬ 
pared  by  the  wet  tamping  technique  (Ladd,  1978),  using  six  under¬ 
compacted  lifts  at  6  percent  water  content.  This  method  was  chosen 
to  increase  the  degree  of  uniformity  of  the  relative  density,  both  within 
each  specimen  and  between  different  specimens. 

The  triaxial  cell  was  filled  with  dealred  water  to  prevent  migration  of 
air  through  the  specimen  membrane.  The  specimen  was  then  flushed 
with  COj  and  filled  with  dealred  distilled  water.  The  specimen  was  back- 
pressured  overnight  at  62  psi  with  an  effective  all-around  confining 
pressure  of  3  psi. 

The  next  day,  the  specimen  was  consolidated  to  the  desired  kc 
(=  avo/aho),  with  5ho  always  being  2  ksf.  Volume  and  height  changes 
were  recorded  during  consolidation. 

After  consolidation,  the  triaxial  cell  was  sealed,  the  piston  was  locked 
In  place,  and  the  cell  was  transferred  to  the  testing  frame.  Here  it  was 
fixed  to  the  table,  and  attached  to  the  actuator,  the  volume  change 
burette  and  the  pore  pressure  transducer. 


•»v.- 
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The  pore  pressure  response  (B  factor)  was  then  determined 

to  check  for  adequate  system  saturation.  This  was  done  by 

increasing  the  ceil  pressure  by  2  psi  and  measuring  the  pore 

pressure  increase  in  the  specimen.  If  the  measured  value  of  B  was 

less  than  95%,  the  lines  were  resaturated  and  the  procedure  was 

repeated  until  adequate  saturation  was  obtained. 

Consolidation  to  a  desired  value  of  k  ,  as  described  above, 

c 

provided  stress  conditions  where  the  maximum  cyclic  shear  stresses 

would  occur  on  the  same  plane  as  the  maximum  static  (consolidation) 

shear  stresses  within  the  specimen.  Cases  with  the  maximum  cyclic 

and  static  shear  stresses  on  different  planes  within  the  specimen  were 

also  studied  by  first  isotropically  consolidating  (k  =  1.0)  the 

c 

specimen;  then,  after  hookup  to  the  frame  was  completed,  an 

additional  static  torque  was  slowly  applied  to  the  specimen  and 

consolidation  was  allowed  to  finish  under  this  torque. 

The  drainage  valves  were  then  closed,  the  connection  between 
the  pore  pressure  transducer  and  the  specimen  was  opened,  and  the 
cyclic  test  was  started. 

The  method  used  for  determining  the  threshold  shear  strain 
(*t)  of  each  specimen  was  to  run  a  succession  of  short  cyclic 
sequences  of  5  sinusoidal  axial  strain  cycles  at  a  frequency  of  1  Hz. 

Each  sequence  was  run  at  a  higher  cyclic  axial  strain,  until  a 

residual  pore  pressure  greater  than  zero  was  measured.  The  cyclic 
axial  strain  needed  to  induce  this  small  residual  pore  pressure  is  the 
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•xi«i  threshold  strain,  s^.  During  the  undrained  cyciic  triaxial  tests, 

the  cyclic  axial  strain,  s#,  was  measured,  and  the  cyciic  shear 

strain,  I  ,  was  calculated  from: 
c 


:>*. 


which  assumes  constant  volume  testing  and  isotropic  or 
cross-anisotropic  soil.  Correspondingly,  the  threshold  shear  strain  is 
calculated  from  7^  =  1.5  e^.  Once  the  threshold  strain  was 

determined,  additional  short  cyclic  sequences  of  5  axial  cycles  each 
were  performed  at  cyclic  strains  slightly  above  the  threshold,  and  the 
residual  pore  pressure  was  measured  at  the  end  of  the  five  cycles. 
Reconsolidation  of  the  specimen  was  allowed  in  all  cases  after  each  of 
these  sequences,  both  below  and  above  the  threshold.  Below  the 

threshold  there  was  never  any  noticeable  volume  or  height  change. 
Above  the  threshold  slight  volume  changes  and  specimen  height 
changes  were  measured.  Cyclic  testing  was  stopped  when  the 

accumulated  specimen  volumetric  strain  due  to  cycling  reached  0.5%. 

Very  little  or  no  degradation  of  the  secant  Young's  modulus, 
E,  was  observed  in  all  the  tests  within  a  given  5-cycle  sequence, 
both  below  and  above  the  threshold.  Therefore,  for  the  strains  and 
numbers  of  cycles  used  in  this  study,  these  sequences  can  be 

considered  either  as  stress-  or  strain-controlled  tests.  Due  to  the 


mechanical  and  electronic  characteristics  of  the  equipment,  better 
control  and  resolution  is  attained  in  stress-control.  Therefore  all 
tests  were  run  in  the  stress-controlled  mode,  but  they  can  be 
considered  to  be  strain-controlled  tests  also.  For  specimens  with  k 

c 

>  1.0  tested  at  strains  larger  than  the  threshold,  some  minor 

offsetting  of  the  cyclic  strain  (decrease  in  specimen  height)  was 

observed,  but  the  measured  peak  to  peak  strain  amplitude  was  very 

constant  in  all  cases.  These  very  small  offsets  for  the  k  >  1.0 

c 

tests  were  ignored  in  the  cyclic  shear  strain  calculations. 
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CHAPTER  4 
APPLIED  STRESSES 

A  main  purposa  of  this  study  is  to  investigata  tha  influence 
of  consolidation  shaar  stresses  on  tha  behavior  of  saturated  sand 
subjected  to  small  strain  undrained  cyclic  loading.  The  stress 
conditions  applied  to  the  specimens  in  this  study,  both  at  the  end  of 
consolidation  and  during  cyclic  loading,  are  discussed  in  this  section. 
As  pointed  out  previously,  these  small  strain  cyclic  sequences  can  be 
considered  to  be  both  strain-  and  stress -controlled  tests.  In  this 
chapter,  the  stress  aspect  is  emphasized  while  in  the  rest  of*  the 
report  the  results  are  discussed  in  terms  of  the  induced  strains. 

Tests  performed  on  isotropically  consolidated  specimens  are 

taken  as  a  reference.  Figure  2a  shows  the  isotropic  stress  conditions 

after  the  specimen  has  been  consolidated,  with  oyo  “  effective  vertical 

stress  after  consolidation  and  oho  *  effective  horizontal  stress  after 

consolidation.  For  the  isotropically  consolidated  case  (k£  =  0V(/°h0 

=1.0),  the  Mohr  circle  is  a  point.  Figure  2b  shows  the  state  of  total 

stress  as  the  specimen  is  being  subjected  to  symmetric  cyclic  axial 

loading  around  a  zero  initial  deviator  stress.  The  Mohr  circles 

correspond  to  maximum  compression  «nd  maximum  extension 

(o  )  .  axial  loads  and  the  45°  line  is  the  total  stress  path  for  the 
v  min 

specimen  as  the  loading  alternates  between  (oy)max  *nd  (oy)mjn* 

Figure  3a  shows  the  stress  conditions  for  a  specimen 

anisotropically  consolidated  to  a  kfi  -  °y</0ho  >  1*0.  Figure  3b 

shows  the  case  where  the  anisotropically  consolidated  specimen  is 
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subjected  to  cyclic  deviator  stresses  less  than  the  initial  static 
deviator  stress  and  the  specimen  remains  in  compression  throughout 
(incomplete  stress  reversal)  and  the  principal  planes  remain 
unchanged.  Figure  3c  presents  the  case  when  the  cyclic  deviator 
stress  is  greater  than  the  static  stress  and  the  specimen  experiences 
extension  unloading  (complete  stress  reversal).  In  this  case  the 
major  principal  stress  direction  rotates  90°  during  each  cycle.  In  the 
tests  reported  herein,  both  situations  sketched  in  Figs.  3b  and  3c 
did  occur.  During  the  axial  cyclic  testing  without  a  static  torque, 
depicted  in  Figures  2  and  3,  the  principal  directions  of  stress  remain 
vertical  and  horizontal  during  consolidation  and  cyclic  loading. 
Therefore,  both  the  maximum  consolidation  shear  stress  and  the 
maximum  cyclic  shear  stress  occur  on  the  same  planes,  which  are 
±  45°  planes. 

Both  types  of  test  shown  in  Figs.  2  and  3  were  consolidated 

with  zero  torque,  T  ~  0.  Figure  4a  shows  the  Mohr  circle  for  a 

specimen  that  has  been  "isotropically"  consolidated  in  the  vertical  and 

horizontal  directions,  "k  "  =  1,  but  which  has  a  consolidation  shear 

c 

stress  provided  by  an  applied  torque,  Tf  0.  (Of  course,  if  TM 

the  specimen  has  not  been  really  isotropically  consolidated,  even  if 

°ho  *  °vo)-  This  C*PC*®  corresponds  to  the  outer  edge  of  the 

specimen,  where  t _  is  the  shear  stress  induced  by  T  at  this 

max 

location.  This  maximum  shear  stress  can  be  determined  if  it  is 
assumed,  in  first  approximation,  that  the  soil  material  is  isotropic  and 
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linearly  elastic: 


t  „  =  Tr/J  *  Tr/(0.5sr4)  *  2T/(tr3) 
max 

where  J  is  the  polar  moment  of  inertia,  r  is  the  radius  of  the  solid 

specimen,  and  T  is  the  applied  torque.  Due  to  the  fact  that  the  soil 

is  nonlinear,  the  previous  expression  will  in  general  slightly 

overestimate  the  value  of  t _ ,  with  the  error  becoming  larger  for 

max 

values  of  T  near  failure  of  the  soil. 

Figure  4b  shows  the  stress  conditions  as  a  vertical  (deviator) 
cyclic  stress  is  applied  to  a  specimen  with  an  applied  torque.  In 
this  case,  cyclic  loading  induces  a  rotation  different  from  90°  from 
the  major  principal  direction  of  stress,  and  the  maximum  cyclic  shear 
stresses  occur  in  planes  which  are  different  from  the 
vertical/horizontal  planes  which  contained  the  maximum  consolidation 
shear  stresses. 


CHAPTER  5 


SANDS  TESTED 

Two  sands  were  used  in  this  study:  Monterey  No.  0  sand 
and  Banding  sand.  The  Banding  sand  is  the  finer  of  the  two  as 
shown  by  the  grain  size  distribution  curves  for  each  sand  in  Figure 
5.  Both  soils  are  uniform,  clean  quartz  sands.  The  Monterey  No.  0 
sand  is  a  commercially  available  washed  uniform  medium-to-fine  beach 
sand,  composed  of  quartz  and  feldspar  particles,  and  which  has  been 
extensively  used  for  geotechnical  earthquake  engineering  studies  (e.g. 
Pyke  et  al.,  1974;  Mulilis  et  al.,  1975;  Dobry  et  al.,  1982;  Thomas  et 
al.,  1982).  The  Banding  sand  is  also  a  commercially  available  send 
presently  sold  by  the  Ottawa  Silica  Co.,  Ottawa,  Illinois  under  the 
trade  name  "F-75".  Banding  sand  has  also  been  used  previously  in 
liquefaction  studies  (Castro,  1969;  Geotechnical  Engineers,  1982). 
Selected  index  properties  of  each  sand  are  presented  in  Table  1. 
Except  for  the  difference  in  the  values  of  Dgg,  the  two  sands  are 
very  similar. 


CHAPTER  6 


TESTING  PROGRAM 

A  total  of  22  tests  were  performed  on  specimens  of  Monterey 
No.  0  sand  and  Banding  sands.  Of  these,  thirteen  tests  were  on 
Monterey  No.  0  and  nine  tests  were  on  Banding  sand.  Tests  were 
performed  on  medium-dense  (D^  *  60%)  and  loose  (D^  *  20%)  sand 
specimens.  These  values  of  relative  density,  0^,  are  after 
consolidation.  The  test  program  focused  mainly  on  the  Monterey  No. 
0  sand,  for  which  a  larger  number  of  tests  were  conducted  and  a 
greater  variation  of  the  consolidation  stress  parameters  was  allowed. 
A  more  limited  testing  program  on  Banding  sand  was  also  performed, 
mainly  to  determine  the  influence  of  grain  size  on  the  results. 

Tables  2a  and  2b  summarize  the  specimen  and  test 
characteristics  in  each  of  these  twenty-two  tests  on  Monterey  No.  0 
sand  and  Banding  sand,  respectively. 

The  first  column  in  each  of  these  two  tables  lists  the  value 
of  for  each  specimen  after  consolidation.  Each  specimen  was 

prepared  with  an  initial  relative  density  as  close  to  20%  or  60%  as 
possible,  but  small  variations  in  the  specimen  preparation  as  well  as 
the  consolidation  process  itself  yielded  measured  values  of 
between  about  22%  and  30%,  and  between  56%  and  68%,  respectively. 
These  variations  in  values  of  did  not  seem  to  affect  the  results 
noticeably. 

The  second  column  in  Tables  2a  and  2b  is  the  B-parameter 
(pore  pressure  response)  measured  in  each  specimen.  All  values  are 


between  97  and  99.6%,  indicating  a  high  dagraa  of  saturation. 

Columns  thraa  and  four  indicate  tha  consolidation  horizontal 

and  vertical  stresses.  The  horizontal  effective  confining  stress,  o^o, 

was  2  ksf  in  ail  tests,  while  k  values  between  1.0  and  2.5  were 

c 

used.  For  the  Monterey  No.  0  sand,  kfi  values  of  1.0,  1.5,  2.0  and 

2.5  were  utilized;  notice  that  this  last  value  of  k  *  2.5  corresponds 

c 

to  a  Kq  =  0.4,  which  is  approximately  the  expected  in-situ  Kq  for 

level,  normally  consolidated  sand  deposits.  For  the  Banding  sand, 

tests  were  performed  with  k„  *  1.0  and  2.0. 

c 

Column  five  indicates  the  magnitude  of  the  torque  applied  to 

the  specimen  during  consolidation.  In  most  of  the  tests,  T  *  0,  but 

in  two  of  the  tests  on  Monterey  No.  0  sand  a  torque  T  *  7.28  in-lb 

was  used.  This  value  of  T  was  chosen  in  order  to  achieve  a 

mobilized  friction  angle  at  the  outermost  edge  of  the  specimen  about 

equal  to  the  mobilized  friction  angle  for  the  tests  with  T  *  0  and  k 

c 

=  2.0,  with  both  friction  angles  calculated  at  the  end  of  consolidation. 

As  can  be  observed  in  Tables  2a  and  2b,  several  tests  were 
duplicated  to  check  the  repeatability  of  the  results.  One  of  the  tests 
on  Monterey  No.  0  sand  at  3  60%  (k£  3  2.0,  T  3  0)  was  also 
repeated,  but  with  only  one  5-cycle  sequence  at  a  relatively  large 
shear  strain  above  the  threshold.  This  was  done  to  verify  the 
assumption  that  the  preshaking  effect  associated  with  the  staging  of 
several  5-cycie  sequences  did  not  affect  significantly  the  measured 
modulus  and  pore  pressure. 


CHAPTER  7 

TEST  RESULTS  ON  MONTEREY  NO 
7.1  Tests  with  k  3  1 


A  total  of  four  tests  were  performed  on  Monterey  No.  0  sand 

with  k  *  1.0  and  T  *  0.  Of  these,  two  tests  were  conducted  on 

c 

specimens  with  *  20%  and  two  tests  with  *  60%.  The  residual 
pore  pressures  measured  in  these  tests  are  presented  in  Figures  6 
through  9,  while  the  Young's  moduli  are  shown  in  Figures  10  and  11. 

Figure  6  shows  the  normalized  residual  pore  pressures, 
u  /o.  measured  for  the  two  tests  with  *  60%.  Note  the 

extremely  fine  scale  of  the  residual  pore  pressure  (ordinate)  axis;  no 

data  point  is  higher  than  ur/a^Q  *  0.02.  A  threshold  strain,  3 

0.01%  is  clearly  defined.  All  data  points  in  Figure  6  correspond  to 
residual  pore  pressures  measured  after  5  uniform  strain  cycles  (n  3 


The  data  points  in  Figure  7  show  similar  results  for  the  same 
sand,  but  for  the  two  tests  with  3  20%.  The  curve  from  Figure 
6  for  *  60%  has  been  superimposed  on  Figure  7  for  comparison. 
Figure  7  clearly  shows  that  the  threshold  is  *  0.01%  for  both 
*  20%  and  *  60%,  but  that  the  residual  pore  pressures  after  5 
cycles,  for  %c  >  are  somewhat  higher  for  0^  *  20%. 

This  value  of  ^  *  0.01%  for  isotropically  consolidated 

Monterey  No.  0  sand  is  consistent  with  similar  results  obtained 


mm- 


SwaasBeae 


.V-'r-'r" 


& 


0»V*\  •* ' 

[.‘A.NjlVi, 
V;-.V  . 
I • 


mm. 


lV  . 

WjWJ 


mm 


VV.-J 


tM 


Ei 


§ 


*  *.*  i 

/'/.v  V 


V  V-W; 


previously  for  the  same  sand  at  the  Woodward-Clyde  Consultants 
laboratory  for  0^  between  45%  and  80%  (Dobry  et  al. ,  1982),  and 
later  at  RPI  for  =  60%  (Thomas  et  al.,  1982).  Figure  7  extends 
this  conclusion  to  sands  looser  than  45%,  and  shows  that,  for  this 
sand,  Vt  «  0.01%  for  20%S  D ^  80%. 

Figure  8  shows  the  normalized  residual  pore  pressures  for  the 
same  two  tests  with  =  60%  as  in  Figure  6,  but  with  a  compressed 
pore  pressure  scale  up  to  0.3).  This  figure  shows  residual 

pore  pressures  for  higher  shear  strains  not  included  in  Figure  6. 

Again,  all  values  of  ur/<*h0  in  Figure  8  are  after  five  uniform  shear 

strain  cycles,  with  reconsolidation  between  every  5-cycle  sequence, 
and  with  Y  always  increasing  from  one  sequence  to  the  next.  In 

C 

Figure  8,  it  is  interesting  to  note  that,  as  Yc  increases,  ur/oho  flrrt 
adopts  non-zero  values  at  Tc  =  «  0.01%,  but  remains  very  small 

until  Yc  *  0.015%,  and  then  starts  increasing  faster  for  Tc  >  0.015%. 
Therefore,  Figure  8  suggests  that,  for  some  practical  applications,  an 
"engineering"  value  of  Y^  (a  0.015%  in  this  case),  different  and 

higher  than  Y^  a  0.01%,  may  be  used  as  a  threshold  marking  the 
beginning  of  significant  pore  water  pressure  increases. 

Figure  9  is  similar  to  Figure  8  but  for  *  20%.  The 

curve  drawn  in  this  figure  represents  the  data  for  0^  a  60%  from 
Figure  8.  This  comparison  shows  that  ur/o^o  is  larger  at  equal 
strains  for  *  20%  than  for  *  60%,  once  the  threshold  strain  is 


exceeded . 


Figure  10  shows  the  cyclic  Young's  Modulus,  (1/2  peak  to 

peak),  E,  normalized  to  the  effective  consolidation  octahedral  stress 

for  the  specimen,  [*1/3(oyo  ♦  2  oh<>)  ■  (kc*2)aho/3^'  #t  Drf  “ 

00%,  and  for  the  same  two  tests  shown  in  Figures  6  and  8. 

The  data  points  in  Figure  11  shows  E/cf^  for  the  same  two 

tests  at  *  20%,  already  presented  in  Figures  7  and  9.  The 

curve  for  *  60%  from  Figure  10  has  been  superimposed  on  Figure 

11  for  comparison.  As  expected,  the  modulus  is  tower  for  the  looser 

specimens  at  all  shear  strains,  but  the  trend  of  variation  of  declining 

E/a _ .  versus  is  similar  for  both  relative  densities. 

oct  c 

7.2  Tests  with  k_  >  1.0  and  T  =  0 

A  total  of  seven  tests  were  performed  on  anisotropically 

consolidated  Monterey  No.  0  sand  specimens,  with  1.5$  k  $  2.5  and  T 

=  0.  Four  of  these  tests  were  conducted  at  relative  densities,  * 

60%,  while  three  tests  correspond  to  *  20%. 

Figures  12  and  13  present  the  residual  pore  pressures 

measured  after  5-cycle  loading  sequences  for  *  60%  and  * 

20%,  respectively.  In  both  figures,  the  data  for  k  =  1.5  and  2.0 

c 

exhibit  a  similar  threshold  strain,  =  0.01%  to  that  of  the  isotropic 
case,  which  are  also  shown  here  for  comparison.  The  behavior  for 
k„  =  2.5  is  more  complex,  with  development  of  slightly  negative  pore 
pressures  at  shear  strains  immediately  below  0.01%,  and  with 
development  of  positive  pore  pressures  for  strains  larger  than  0.01% 


to  0.02%.  The  general  trend  in  Figs.  12  and  13  is  quite  similar, 

with  the  pore  pressure  at  a  given  strain  decreasing  as  the  value  of 

k  increases, 
c 

Figures  14  and  15  correspond  to  the  same  tests  shown  in 

Figures  12  and  13,  respectively,  but  with  a  compressed  pore  pressure 

scale,  and  including  data  points  for  larger  cyclic  strains. 

In  most  of  the  tests  shown  in  Figs.  14  and  15,  as  well  as  in 

the  rest  of  the  tests  listed  in  Tables  2a)  and  2b),  several  5-cycle 

loading  sequences  were  applied  to  the  specimen  at  increasing  shear 

strains.  For  strains  above  the  threshold,  this  staged  cycling  and 

pore  pressure  buildup,  plus  the  recon  sol  idation  between  sequences, 

may  have  produced  a  "pre-shaking"  effect  on  the  specimen,  which 

would  tend  to  decrease  the  values  of  measured  in  the  final 

sequences,  as  compared  with  "virgin"  specimens  not  subjected  to 

preshaking.  [For  the  preshaking  effect,  see  e.g.  Seed,  et  al.,  1977] 

For  the  strains  and  numbers  of  cycles  used  in  this  investigation,  it 

was  assumed  that  this  preshaking  effect  was  small  and  did  not  have 

much  effect  on  the  measured  values  of  iWo^.  To  verify  this 

assumption,  one  of  the  tests  on  Monterey  No.  0  sand,  3  60%  and 

k  *  2.0  was  repeated.  In  this  test,  first  nondestructive 

c 

measurements  were  performed  at  values  of  1  <  0.01%,  and  then  a 

c 

single  5-cycle  sequence  was  conducted  at  Xc  =  0.11%.  The 

corresponding  residual  pore  pressure,  plotted  in  Figure  14  as  a  single 
data  point  (large  triangle),  is  thus  unaffected  by  preshaking.  The 


comparison  between  this  data  point  and  the  corresponding  points  for 
kc  =  2.0  shows  that  the  preshaking  effect  on  Up/o^o  was  small  and 
can  be  neglected. 

The  date  points  in  Figures  16  and  17  show  the  normalized 
cyclic  Young's  Modulus,  E/o^,  *or  >  1*0  #n<*  *  60%  and 

»  20%,  respectively.  Curves  for  k  =  1.0  for  this  sand,  obtained 

V 

from  the  results  in  Figs.  10  and  11,  have  been  superimposed  on 
Figures  16  and  17.  The  values  of  E/e^  at  the  larger  strains  in 
Figures  16  and  17  are  very  similar  and  independent  of  k£  for  the 
range  1.QS  kc*  2.5.  This  is  reasonable  and  consistent  with  the  fact 
that  both  the  modulus  at  large  strains  and  the  shear  strength  in 

sands  have  been  found  to  vary  linearly  with  effective  confining 
pressure.  However,  at  small  strains,  it  should  be  expected  that  the 
date  points  for  larger  values  of  k  would  have  somewhat  lower  values 

of  E/o^  in  Figs.  16  and  17.  An  inspection  of  these  figures  shows 

that  this  is  exactly  what  happens. 

7.3  Tests  with  k_  *  1.0  and  T#  0 

As  explained  previously,  two  tests  were  performed  on 
Monterey  No.  0  sand,  in  which  *  ayo  *  2  ksf  and  a  static 

torque,  T  =  7.28  in-lb  was  applied  during  consolidation.  The  two 
tests  correspond  respectively  to  *  60%  and  *  20%.  In  this 
way,  a  new  situation  was  created,  in  which,  unlike  the  previous  tests 
with  k_  >  1.0,  the  maximum  static  shear  stress  within  the  specimen 
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acts  on  different  planes  than  those  corresponding  to  the  maximum 

cyclic  shear  stress.  The  value  of  T  =  7.28  inch-pounds  was  chosen 

to  cause  a  mobilized  angle  of  friction  at  the  end  of  consolidation,  at 

the  outer  edge  of  the  specimen,  similar  to  that  mobilized  in  the  whole 

specimen  during  the  tests  with  k  =  2.0  and  T  =  0. 

c 

The  data  points  in  Figures  18  and  19  show  the  residual  pore 

pressures  measured  in  these  "kc"  =  1.0,  T  i  0  tests  after  5-cycle 

sequences  of  uniform  cyclic  shear  strain,  for  »  60%  and  3 

20%,  respectively.  The  curves  superimposed  on  each  figure 

correspond  to  k  =  1.0  and  T  =  0  (from  Figures  6  and  7). 
c 

The  data  points  in  Figures  20  and  21  present  the  pore 

pressures  for  the  same  two  tests,  but  for  a  compressed  normalized 

pore  pressure  scale  and  including  additional  data  points  at  larger 

strains.  Again,  the  curves  in  these  two  figures  correspond  to  k  = 

c 

1.0  and  T  =  0,  and  were  obtained  from  Figures  8  and  9. 

Figures  18  through  21  show  thet  the  threshold  residual  pore 
pressure  is  essentially  the  same  for  k  =  1.0,  with  or  without  a 

V 

moderate  static  torque  applied  during  consolidation.  The  mobilized 
friction  angle  during  consolidation  in  the  tests  with  T  *  7.28  in-lb 
varies  between  0  at  the  center  of  the  specimen  to  a  value  similar  to 

that  induced  in  the  tests  with  k  *  2  and  T  *  0,  at  the  outer  edge. 

V 

Therefore,  it  should  be  expected  that  the  data  points  in  Figures  18 
through  21  should  agree  closely  with  those  for  tests  in  which  1.0*  k 

c 

*  2.0  and  T  s  0.  A  comparison  between  data  points  in  Figures  18 
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through  21  with  those  presented  in  Figures  12  through  15  indicate 

that  the  measurements  of  residual  pore  pressure  versus  strain,  for  a 

given  relative  density,  are  essentially  identical  between  tests  with  T  8 

0  and  k  =  1.5  and  tests  with  T  =  7.28  in-lb.  and  "k  "  =  1.0. 
c  c 

The  data  points  in  Figures  22  and  23  show  the  values  of 
E/o^  for  the  same  two  tests.  The  curves  superimposed  on  the 
figures  are  for  the  basic  isotropic  case,  kc  =  1.0  and  T  =  0  (from 
Figures  10  and  11).  These  figures  show  that  the  presence  of  the 
static  torque  decreases  the  modulus  of  the  specimen. 
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CHAPTER  8 

TEST  RESULTS  ON  BANDING  SAND 
8.1  Tests  with  kfc  *  1.0  and  T  =  0 

A  total  of  six  tests  were  performed  on  the  finer  Banding 
sand  with  k  *  1.0  and  T  *  0.  Of  these,  three  tests  were 

C 

conducted  on  specimens  with  *  60%  and  three  tests  with  * 

20%.  The  residual  pore  pressures  are  presented  in  Figure  24.  The 
comparison  in  Figure  24  shows  that,  in  Banding  sand,  *  0.8  to  0.9 
x  10~^%,  independent  of  relative  density  for  the  range  20%£  Dp£  60%. 
Also,  the  residual  pore  pressures  at  ?c  >  are  somewhat  larger  for 
the  looser  sand,  «  20%.  This  influence  of  D^,  as  shown,  in 
Figure  24  for  Banding  Sand,  is  similar  to  that  obtained  for  Monterey 
sand  in  Figure  7. 


8.2  Tests  with  kc  >  1.0  and  T  =  0 

The  data  points  in  Figures  25  and  26  show  the  results  of  the 
three  tests  performed  on  anisotropically  consolidated  Banding  Sand 
specimens,  with  k  =  2.0  and  T  *  0.  Figure  25  includes  two  tests 

V 

with  *  60%,  while  Figure  26  includes  two  tests  with  *  20%. 

Also  plotted  on  Figures  25  and  26  are  the  results  of  the 

isotropically  consolidated  case,  k  s  1.0,  T  =  0,  obtained  from  Figure 

c 
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24.  The  comparisons  in  Figures  25  and  26  show  that  either  does 

not  change  or  increases  slightly  where  k  is  increased  from  1.0  to 

2.0,  and  that  the  residual  pore  pressure  for  a  strain,  T.  >  is 

lower  for  the  anisotropically  consolidated  case,  k  =  2.0.  These  are 

c 

entirely  consistent  with  the  conclusions  for  Monterey  No.  0  sand, 
discussed  previously  in  conjunction  with  Figures  12  and  13. 


CHAPTER  9 

SUMMARY  AND  CONCLUSIONS 

A  total  of  twanty-two  undrained  cyclic  triaxial  (axial)  tests 
were  performed  on  saturated  specimens  of  Monterey  No.  0  Sand  (13 
tests)  and  Banding  Sand  (9  tests).  The  main  objectives  of  these 
tests  was  to  study  the  effect  of  anisotropic  consolidation,  static  shear 
stresses,  and  of  relative  density  on  the  value  of  the  threshold  strain, 
and  on  the  rate  of  pore  pressure  buildup  at  cyclic  strains 
slightly  larger  than  the  threshold.  The  influence  of  anisotropic 
consolidation  was  measured  by  consolidating  the  sand  specimens,  prior 
to  cyclic  testing,  to  stress  ratios  (k£  -  0f1o/°vo)  ranging  between  1.0 
and  2.5,  and  also  by  running  two  tests  where  a  consolidation  torque, 
T,  was  applied  to  the  specimen.  In  all  22  tests,  o^o  =  2  ksf.  The 
influence  of  relative  density,  Dr,  was  measured  by  conducting  tests 
on  specimens  compacted  in  very  loose  (Dp  3  20%)  and  medium  dense 
(Dp  3  60%)  conditions.  On  the  basis  of  these  tests  it  is  possible  to 
conclude  the  following: 

(1)  In  isotropically  consolidated  (k  =  1.0)  Monterey  No.  0 

W 

sand,  3  0.01%  for  both  D„  3  20%  and  0  3  60%.  This 

is  consistent  with  previous  results  on  this  sand,  obtained 

for  the  overlapping  range  45%  <  Dp  <  80%.  Therefore, 

for  Monterey  No.  0  sand  isotropically  consolidated  under 

o.  =  3  2  ksf,  I.  3  0.01%  for  all  relative  densities 

no  vo  t 

between  very  loose  (D_  =  20%)  and  dense  (D_  3  80%). 
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(2)  For  isotropically  consolidated  (k  =  1.0)  Banding  sand, 

c 

r.  »  0.8  to  0.9  x  10~^%  for  both  D„  a  20%  and  D  *  60%. 

X  r  r 

As  both  Banding  and  Monterey  No.  0  sands  are  similar, 
uniform,  clean  quartz  sands,  with  approximately  parallel 
grain  size  distribution  curves,  but  with  the  Banding 
sand  being  finer  in  size,  this  result  may  indicate  a  trend 
for  *°  decrease  as  the  grain  size  decreases. 

(3)  For  both  Monterey  No.  0  sand  and  Banding  sands,  the 

pore  pressure  buildup  after  a  small  (n  =  5)  number  of 
cycles  of  a  cyclic  strain  slightly  larger  than  was 

somewhat  larger  for  the  looser  (Dr  *  20%)  specimens  as 
compared  with  the  denser  (Dr  ■  60%)  specimens  tested. 

(4)  The  cyclic  tests  on  anisotropically  consolidated  (k  >  1.0) 

Monterey  No.  0  sand  and  Banding  sand  specimens  showed 

a  similar  effect  of  kfi  on  and  pore  pressure  buildup. 

For  both  sands,  the  value  of  was  unaffected  by  kfi, 

for  the  range  1.0S  kfiS  2.0.  In  the  same  range  of  k£  - 

1  to  2,  and  for  a  given  Dp,  the  pore  pressure  buildup 

after  n  *  5  cycles  of  a  cyclic  shear  strain  slightly  larger 

than  the  threshold  was  also  about  equal  to  the  buildup 

measured  in  the  isotropic  case  (k.  =  1.0).  The  behavior 

c 

for  the  two  tests  conducted  on  Monterey  No.  0  sand  with 

k  =  2.5  was  more  complex,  with  slightly  negative  pore 
c 

pressures  at  strains  immediately  below  1.  a  0.01%,  and 


with  development  of  positive  pore  pressures  for  strains 

larger  than  0.01%  to  0.02%.  The  positive  pore  pressures 

for  k  =  2.5  were  either  equal  or  smaller  than  those 
c 

measured  at  the  same  strains  for  1.0  S  k  £  2.0. 

c 

Therefore,  the  value  7^  »  0.01%  can  be  used 

conservatively  for  isotropically  or  anisotropically 

consolidated  Monterey  No.  0  sand  in  loose  or  dense 

condition,  and  for  the  range  1.0s  k  S  2.5. 

c 

(5)  Two  other  tests  were  performed  on  Monterey  No.  0  sand 

specimens  at  D_  ■  20%  and  D_  =  60%,  and  with  "k  "  = 

P  P  c 

o.  *  1.0.  These  tests  differed  from  the  other  tests 

ho  vo 

in  that  a  static  torque,  T,  was  applied  during 

consolidation.  The  value  of  T  was  selected  to  have  a 

mobilized  angle  of  friction  at  the  end  of  consolidation  at 

the  outer  edge  of  the  specimen  similar  to  that  mobilized 

in  the  whole  specimen  during  the  tests  with  k  *  2.0 

and  T  =  0.  As  expected,  the  value  of  7t  and  the  pore 

pressure  buildup  behavior  in  these  two  tests  were  similar 

to  that  observed,  for  a  comparable  relative  density,  in 

specimens  consolidated  with  T  =  0  and  1.0s  k  S  2.0. 

c 

(6)  In  all  tests,  the  cyclic  axial  undrained  Young's  modulus, 
E,  was  also  obtained.  This  included  nondestructive 


measurements  of  E  at  cyclic  shear  strains,  7  ,  as  low  as 

c 

0.003%.  Plots  showing  the  variation  of  modulus  versus 
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cyclic  shear  strain,  and  the  influence  of  D_  and  k  on 

a  c 

E,  are  presented  in  the  report  for  Monterey  No.  0  sand. 

In  summary,  it  has  been  established  that,  for  these  two 
sands  and  for  the  testing  conditions  previously  described:  i)  is  a 
constant  characteristic  of  the  sand  for  a  wide  range  of  relative 
densities  including  a  very  loose  condition,  and  ii)  the  concept  is 

valid  for  an  isotropically  consolidated  sand,  and  the  use  of 
determined  from  isotropically  consolidated  specimens  is  either  realistic 
or  slightly  conservative  for  the  range  1.0£  k  S  2.5,  at  least  for  the 
cases  studied  here,  in  which  a^c  -  2  ksf. 
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c)  During  Cyclic  Loading  with  Complete  Stress  Reversal 


Figure  3 


Mohr  Circles  and  Stress  Paths  for  Anisotropically 

Consolidated  Specimens  (k  ■  o  fa,  >  1.0,  T  »  0) 

c  vo  no 


Monterey  No.  0  Sa  id 
n  *  5  cycles 


Cyclic  Shear  Strain,  y  (%) 

c 

Figure  8  Normalised  Residual  Pore  Pressure  after  5  Cycles 
(D  -  -  60%,  k  -  1.0,  T  -  0) 
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Cyclic  Shear  Strain,  yc(%) 

Figure  12  Effect  of  Anisotropic  Consolidation  on  Threshold 
Shear  Strain  (Dr^  a  60Z,  T  ■  0) 
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Figure  16  Effect  of  Anisotropic  Consolidation  on  Normalized 
Toting' s  Modulus  (D  *  •  60E,  T  •  0) 
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Figure  19  Effect  on  Consolidation  Torque  on  the  Threshold 
Sheer  Strain  (Dr£  •  20X,Mkc"»  1.0) 
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Figure  21  Effect  of  Consolidation  Torque  on  the  Normalise 
Residual  Pore  Pressure  After  5  Cycles 
<Drf  «  20Z,  ”kc"-  1.0) 
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Cyclic  Shear  Strain,  YC(Z) 

Figure  24  Effect  of  Relative  Density  on  Threshold  Shear 
Strain  (k  -  1.0,  T  -  0) 


APPENDIX  A 


MEASUREMENT  SYSTEM  SPECIFICATIONS  AND  CALIBRATIONS 

The  soil  response  during  the  undrained  cyclic  triaxial  tests 
was  evaluated  from  simultaneous  time  history  records  of  load,  axial 
and/or  angular  sample  displacements,  and  excess  pore  water  pressure. 
For  the  test  series  reported  herein,  the  measurement  system  used  was 
composed  of  transducers,  signal  conditioning  equipment,  recorders, 
and  connecting  cables.  The  performance  and  accuracy  of  this 
electromechanical  measurement  system  depends  on  the  use  and 
interaction  of  the  complete  system. 

Characteristic  specifications  for  the  transducers  and  for  the 
complete  measuring  system  are  shown  in  Table  Al  and  Table  A2, 
respectively.  The  meaning  and  rationale  for  these  specifications  is 
detailed  in  this  appendix  and  a  summary  of  Table  A2  was  presented 
on  page  8  of  the  report. 

The  fundamental  specification  for  a  transducer  is  its  operating 
or  linear  range.  A  range  is  described  by  the  upper  and  lower  input 
values  the  transducer  is  intended  to  measure.  The  nominal  linear 
range  for  each  transducer,  as  reported  in  Tabie  Al  ,  is  the  range 
within  which  the  transducer  has  an  output  of  specified  linearity,  as 
explained  below. 

The  transducers  were  all  calibrated  in  four  ranges,  with  the 
full  scale  output  from  the  conditioner  (±  10.000  volts)  generally  being 
set  at  100%,  50%,  20%  and  10%  of  the  nominal  linear  range  for  that 
transducer.  The  transducers  were  calibrated  for  each  range  by 
zeroing  the  transducer  output  and  then  applying  a  full  scale  static 

Al 
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input  for  that  range  to  the  transducer  and  adjusting  the  conditioner 
output  to  provide  *  10.000  volts.  A  full  scale  input  in  the  other 
direction  was  then  applied  (except  for  the  pressure  transducer),  and 
the  output  was  adjusted  to  -10.000  volts.  Since  only  low  frequency 
tests  were  conducted,  static  calibration  methods  were  used.  The 
axial  load,  torque,  and  angular  displacement  transducers  were 
calibrated  by  MTS  using  their  calibration  standards.  The  axial 
displacement  transducer  was  calibrated  and  checked  on  a  Shaevitz 
LVDT  calibrator  stand  and  an  Instron  Biaxial  Extensometer  Calibration 
fixture  with  vernier  scales  readable  to  0.0001  inch  and  0.001  inch, 
respectively.  The  pore  pressure  transducer  was  calibrated  using  a 
36  inch  mercury  well  type  manometer  accurate  to  t  2%  full  scale  and  a 
400  psi  pressure  gauge  with  a  maximum  nonlinearity  and  hysteresis  of 


0.1%. 


The  linearity  of  a  transducer  refers  to  the  maximum  deviation 


of  any  calibration  point  from  a  straight  line  during  any  one 
calibration  cycle  over  a  specified  range.  The  hysteresis  of  the 
transducer  refers  to  the  maximum  difference  in  output  at  any  given 
input  value,  within  the  specified  range,  when  the  value  is  approached 
first  with  increasing  and  then  with  decreasing  inputs.  Linearity  and 
hysteresis  are  expressed  in  percent  of  full  scale  output  for  the 
specified  range  and  their  combined  values  are  indicative  of  the 
characteristic  error  of  the  system. 

The  linear  range  of  any  transducer  varies  to  some  degree 
with  frequency  and  the  nominal  linear  range  is  a  conservative  value 
for  any  frequency  at  which  the  transducer  is  rated.  The  transducer 
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linearity  may  ba  improved  by  using  the  transducer  at  less  than  the 
nominal  linear  range.  By  using  the  MTS  signal  conditioning 
equipment,  the  transducers  were  calibrated  at  a  nominal  full  scale 
range  and  at  smaller  ranges  which  provided  increased  linearity  and 
resolution.  The  calibration  of  each  range  was  checked  at  twenty 
points  over  that  range.  The  maximum  nonlinearity  and  hysteresis  for 
the  range  was  determined  from  these  readings  and  the  maximum  for 
all  ranges  is  shown  in  Table  A2 .  This  maximum  difference  generally 
occurred  in  the  largest  possible  range,  with  increased  linearity  being 
shown  at  the  finer  ranges. 

The  smallest  change  that  can  be  observed  in  the  output  of  a 
transducer  is  called  its  resolution.  Since  the  transducers  used  all 
operate  on  the  principle  of  magnetic  coupling,  their  theoretical 
resolution  is  essentially  infinite  and  the  limitation  of  the  system 
resolution  is  in  the  ability  of  the  associated  electronic  equipment  to 
sense  the  output  of  the  transducer.  For  the  recording  system  used 
in  these  tests,  the  smallest  value  that  could  be  conveniently  monitored 
corresponded  to  a  1  mv  output  from  the  conditioner.  The  practical 
resolution  for  the  system,  as  shown  in  Table  A2  and  listed  on  page  8 
is  based  on  the  input  measurement  corresponding  to  a  1  mv  output. 

During  the  test  series,  the  measurement  system  was 
periodically  checked  using  known  inputs  and  checking  shunt  cal 
voltages  on  the  conditioners.  The  recorders  were  checked  with 
known  voltages  before  every  test  during  the  setup  procedure,  and 
system  compliance  was  checked  and  accounted  for  before  the  test 
series  began. 


Representative  Specifications  for  Measuring  System 


APPENDIX  B 


LIST  OF  SYMBOLS 

The  following  symbols  are  usod  in  this  roport: 


•t 

B  (B  parameter) 


threshold  ground  surface  acceleration 
pore  pressure  parameter 
coefficient  of  curvature 
coefficient  of  uniformity 
relative  density 

relative  density  after  consolidation 

diameter  at  which  10%  of  the  soil  is  finer 

diameter  at  which  30%  of  the  soil  is  finer 

diameter  at  which  50%  of  the  soil  is  finer 

diameter  at  which  60%  of  the  soil  is  finer 

cyclic  (secant)  Young's  modulus 

maximum  shear  modulus 

polar  moment  of  inertia 

consolidation  ratio  *  a  /or. 

vo  no 

lateral  stress  ratio 


B1 


a.« 


OCR 


normally  consolidated 


numbor  of  cycles 


overconsolidation  ratio 


Vfa  V°h 

2  *  ~2~ 


V^3  °v^h 

2  *  ~2~ 


ql"°3  V^h. 
2  *  2 


specimen  radius 


applied  torque 


residual  pore  pressure 


cyclic  axial  strain 


axial  threshold  strain 


cyclic  shear  strain 


threshold  shear  strain  1  1.5  i, 


initial  effective  horizontal  stress 
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mm 
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initial  affactiva  vartical  strata 


initial  affactiva  octahadral  strata 
■  i/3(;vo  ♦  ) 


maximum  axial  load 
minimum  axial  load 


maximum  shaar  stress 


